Scanning Microscopy
Volume 1

Number 3

Article 45

6-6-1987

Identification of Non-Denuding Endothelial Injury by Scanning
Electron Microscopy
M. Richardson
McMaster University

A. Parbtani
McMaster University

Follow this and additional works at: https://digitalcommons.usu.edu/microscopy
Part of the Life Sciences Commons

Recommended Citation
Richardson, M. and Parbtani, A. (1987) "Identification of Non-Denuding Endothelial Injury by Scanning
Electron Microscopy," Scanning Microscopy: Vol. 1 : No. 3 , Article 45.
Available at: https://digitalcommons.usu.edu/microscopy/vol1/iss3/45

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It
has been accepted for inclusion in Scanning Microscopy
by an authorized administrator of DigitalCommons@USU.
For more information, please contact
digitalcommons@usu.edu.

Scanning
Scanning

Microscopy,
Microscopy

Vol. 1, No. 3, 1987 (Pages 1315-1326)
International,
Chicago (AMF O'Hare),
IL 60666

0891 -7 035/87$3.00+.00
USA

IDENTIFICATION
OF NON
- DENUDING
ENDOTHELIAL
INJURYBYSCANNING
ELECTRON
MICROSCOPY
*M. Richardson and A. Parbtani
Department of Pathology
McMaster University
Hamilton , Canada

(Received

for publication

March 04, 1987, and in revised

form June 06, 1987)

Introduction

Abstract
Endothelial
injury is important in the
development of arterial disease.
To examine the
response to endothelial injury it is necessary to
recognise if endothelium has been altered and how
this rel ates to normal function.
Of the severa l
methods
available
to evaluate
endothelial
integrity,
ultrastructural
examination has
certain
advantages.
In particular , scanning
electron
microscopy of the endothelium will
permit large areas to be examined, and changes
can be related to the overall anatomy of the
vessel.
There is good evidence that endothelial
injury does not inevitab ly result in endothelial
cell loss and denudation of the subendothel ium,
but that endothelial cells can be desquamated in
a process
of non-denuding
injury .
The
morphological changes described in endothelial
cell s stimu lated by a variety of agents suggest
that the response varies according to the method
of investigation,
that there are some common
feature s, but that each stimu lu s induces certa in
speci fic changes.
The endothelial
response to a range of
agents was therefore examined in the same animal
model, using carefully
controlled
preparation
parameters.
The observations indi cate that the
response to stimuli which induce an inflammatory
type of reaction
is characterised
by fibrin
formation and white cell adhesion.
In contrast
st imuli which result in vessel collapse show
protruding eel ls and damage at vessel orifices.
Certain feature s are seen irre spect ive of the
stimulus .
The significance
of many of the
observed changes remains to be elucidated.
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Endothelial cells have a wide range of
functions which affect the metabolism of the
vessel wall (33) . The maintenance of endothelial
integrity
is fundamental to normal vessel wall
function, and the possibility
exists that injury
to the endothelium is the initiating factor for a
variety
of
vascular
diseases
including
atherosclerosis
(48), hypertension (65) and other
syndromes such as disseminated intravascular
coagulation (44).
Injury or perturbation of endothelial cells can
be induced by a variety of stimuli, and there i s
now considerable evidence that st imulation of
endot helium, which may be sufficient
to cause
endothelial
injury, does not always result in
endothelial desquamation and denudation of the
subendothelial
connective
tissues.
Elegant
st udi es by Reidy (55;56) have proposed a
mechanism whereby endothelial desquamation can
occur with no denudation of the subendothel ium.
Thus, in order to examine the sequel to
endothelial
injury which does not result
in
exte nsive denudation, it is necessary to identify
reliable mechanisms for the dete ctio n of changes
in endothelium induced by stimulation and injury .
Several techniques are available with which
to examine endothelial
response to 1nJury.
Studies in vitro have identified the production
of a tissue factor-like factor in response to the
inflammatory/immune mediator interleukin - I (3) ,
and an endothelial
cell-dependent
pathway of
coagulation which is initiated by endotoxin (70).
Studies in vivo include the evaluation of the
response to a variety of stimuli by examining
endothelial cell replication (64), uptake of dyes
(4),
or radio-labelled
tracers
(2),
PGI2
production (35) and morphological investigations.
The use of a morphological evaluation has
certain advantages.
It has the potential to
provide information concerning a wide range of
cellular functions, to identify localised areas
of injury and to correlate such injury with the
overall anatomy of the blood vessel.
The use of
scanning
electron
microscopy
(SEM) is
particularly
relevant to the latter . However,
SEM has the disadvantage that only the surface
morphology
is
examined, and the use of
correlative
transmission
electron
microscopy
{TEM)is frequently necessary for complete
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interpretation.
Moreover, arterial
endothelium
is sensitive
to preparation
artefact.
Thus
methodology and interpretation
must be evaluated
in order to make a critical
appraisal
of the
morphological response by arterial
endothelium to
stimulation and non-denuding injury.
The morphological
response
by arterial
endothelium to a range of stimulating
agent s has
been
examined
in
SEM by a number
of
investigators .
These observations
suggest that
the
range
of changes
seen
in stimulated
endothelium is limited,
but that each stimulus
induces a specific response.
However, it is also
possible that the response varies according to
the methodology of the investigation.
Therefore,
the following observations were made in order to
compare the morphological
response by arterial
endothelium to a variety of stimulating agents in
a controlled experimental setting.
Normal Morphology
There are a large number of accounts of the
normal
morphology
of arterial
endothelium
visualised
in SEM.
Earlier
studies
utilised
silver
staining
in order
to visuali se cell
boundaries
and argyophilia
(54) , but
this
methodology does not permit detailed examination
of the eel l s urface.
The use of vascular casts
has also
provided
information
relating
to
arterial
geometry and cell shape, but again does
not visualise cell surface (42) .
The importance of perfusion fixation
at a
pressure in the range of systolic blood pre ss ure
is well recognised . The consequences of fixation
at lower pressures,
or in the absence of
pressure,
1 .e., immersion
fixation,
ha s been
described by a number of workers (11;12 ;19;2 1;
28;75).
These studies showed that, in contrast
to immersion fixed arteries,
pressure perfusion
fixation
resulted
in a flat
internal
elastic
lamina, and surface projections,
ridges, bridges
and longitudinal
furrow s were avoided . Arteria l
endothelial
cells have been described as ovoid
cells,
aligned in the direction
of the blood
flow, the adjacent cell margin s overlapping , with
each cell overlapping its down stream neighbour
( 11 ; 19) .
In the examination of arterial
endothelium
it is necessary to be aware of a range of factor s
which can influence
the morphology, and may
provide misleading information .
The appearance
of arterial
endothelial
cells is influenced by
the
fixation
and also
by the pre - fixation
perfusion
parameters
(58) .
Of special
significance
in the identification
of a possible
response
to
a specific
stimulus
is
the
observation that morphological changes, which are
associated
with a response to injury,
can be
induced by the pre-perfusion
protocol.
The
composition
of the electrolyte
solution
used
prior to introduction
of the fixative
and the
time of pre-perfusion
can induce the expression
of microvilli,
bleb or crater formation and WBC
deposition.
During
the
past
10 years,
phenomena
described
as "spontaneous
injury",
have been
reported
as
features
of
normal
arterial
endothelium.
Such observations include loss and
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alterations
in endothelial
cells (73), platelet
adhesion in areas of vortex formation (72), and
cells
protruding
from ves se l orifices
(53).
These studies used vesse l s from animals killed
prior
to
perfusion
fixation
or
vessels
perfuse-fixed
via the ascending aorta isolated
after thoracotomy.
It is therefore poss ible that
there had been coll apse of the aorta prior to
fixation and that some of these observations may
have been the result of fixation or pre-fixation
preparation artefact
(58). Other descriptions
of
spontaneous
endothelial
injury,
e.g ., in rat
caudal artery (51) do not appear to be related to
fixation artefact.
It is possible that the appearance of the
endothelium may be influenced by factor s unknown
to the investigator . For example, le s ion s can be
induced in rat aortic endothelium by stress (23)
and these are described as resembling "stomata or
st igmata", which had been described
in silver
stained
endothelium
as a feature
of injured
endothelium (10).
Recently these features
have
been shown to be present in unstimulated
rat
aorta,
and to result
from
myo-endothel i al
hern i ae,
or
from monocytes
entering
the
sube ndothelium through the endothelial
cell layer
(45).
The normal configuration
of the "intimal
folds" remains unclear.
In contrast
to the
severe corrugations
of the internal
elastic
lamina which are not pre se nt in perfu s ion fixed
vessels, Tindall and Svendsen (76) reported that
intimal fold s were present in the normal rabbit
aorta fixed at physio logica l dimensions as well
as pressure , but that prolonged perfu s ion with
fixative would flatten the folds.
We (58) s howed
that intimal folds were also influenced by the
pre-perfusion
parameters .
Short pre - perfusion
with electrolyte
solution
resulted
in more
pronounced intimal folds . Thi s was attributed
to
the contraction
of the aorta induced by the
fixative
solution,
caused partly
by a direct
effect on the arterial
smooth musele cells ( 30),
or partly by the relea se of vaso-active compounds
(Unpublished results).
Endothelial

Injury

Endothelial cell death and denudation of the
subendothelium, such as that which is induced by
mechanical
removal of the endothelium
by a
balloon catheter,
results
in platelet
deposition
on the exposed surface (9 ;25;69).
However recent
observations
have shown that endothelial
cell
loss
and subendothelial
denudation
does not
result
in platelet
accumulation
if
certain
components of the subendothelium are not removed
(5) . Thus platelet
accumulation does not provide
a reliable
index of endothelial
cell denudation.
The endothelial
response to a number of
stimuli
has been described
in a range of
experimental settings,
and the changes described
provide
the criteria
for
SEM morphol ogi cal
evidence of endothelial
cell injury.
In the
absence of endothelial
cell loss, white blood
cell
(WBC) adhesion,
changes
in junctional
architecture,
changes
in surface
morphology
including
microvillus
formation
and bleb
formation and deposition of fibrin and platelets

Non-denuding

Endothelial

are regarded as indicative
of cell alterations.
Immunological Challenge
The response by arterial
endothelium in SEM
to acute challenge with antibody/antigen
induced
comple x formation was described in rabbit aorta
as cobblestone
endothelium showing microvillu s
formation, large crater formation and endothelial
desquamation
with adherent
platelets
and WBC
(67). The endothelial
cell loss was confirmed by
TEM, and corresponded
to areas of increased
permeability
as shown by Evans blue uptake.
Similar changes were reported in the pulmonary
artery,
and as well
fibrin
formation
was
described (40).
In the endocardium the response
by SEM was essentially
the same, including
microvillus
formation, endothelial
swelling, WBC
accumulation
and
subsequently
endothelia l
desquamation (34).
Endotoxin
Bacterial endotoxins are well known to exert
an injurious
effect on endothelium (55).
Reidy
and Schwartz
(55) showed that
by SEM and
correlative
TEM, endothelial
cells were sloughed,
but there was no subendothelial
denudation in rat
aorta,
48 h after
a single
injection
of
endotoxin.
There was also some cell swelling, a
change
in junctional
architecture
and WBC
attachment
prior
to cell
sloughing.
These
observations
confirmed
and extended previous
observations
made in rabbit aorta, us ing silver
stained
preparations
(57).
In contrast,
in
piglet coronary arteries,
a lo ss of microvilli
and endothelial
ce 71 exfo l i at ion was described
( 52).
Hyperlipaemia
There have been a number of SEM studies of
the arterial
response to hypercholersterolaemic
hyperlipaemia.
Some early studies, using silver
staining
techniques,
reported
endothelial
desquamation
in hyperl ipaemic monkeys (61).
Similar techniques,
used in rabbits (22) revealed
a change
in cell
shape and size,
and a
progression
of
argyrophillia,
which
was
interpreted
as evidence of endothelial
damage,
and repair.
Stigmata and sto mata were also
observed, and these phenomena were considered to
indicate
injury and repair.
Endothelial damage
and thrombocyte
adhesion were seen in pigeon
aortas
(43) , and endothelial
cells
protruding
from vessel orifices
were described after 2 days
of a 2% cholesterol
supplemented diet in rabbits
(74), although in this experiment the possibility
of aortic collapse is not excluded.
Correlation
of
functional
properties
and morphological
changes was examined by Ingerman -Wojenski et al
( 35) who s howed that
des pite
morpho1og i cal
changes similar
to those described
by other
workers,
at hero sclerotic
vessels
had the same
capac it y to
convert
arachadonic
acid
into
prostacyclin
and thromboxane
as normal-fed
controls.
A recent correlative
TEM and SEM study of
hyperlipaemic
monkeys (15;16) showed that the
initial
response was an accumulation of WBCon
the
endothelial
surface
followed
by an
infiltration
of the WBCinto the subendothelial
space.
In the early
stages
there was no
endothelial
denudation, but endothelial
cell loss
was observed at later stages of the response, and
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was associated
with ulceration
and platelet
adhesion.
Haemodynamic factors
There is considerable
evidence
relating
haemodynamic factors suc h as flow direction
and
shear stress
to the morphology of endothelial
ce ll s. Some of these data are based on in vitro
observations
( 14,36).
In vivo data are largely
based on alterations
in cell shape associated
with induced alterations
in blood flow.
Using
aortic casts, ce 11 shape was s hown to correlate
with shea r stress,
more elongated cells being
seen in areas of high shear in stenosed dog aorta
(41).
Endothelial
cell shape was altered,
and
microvilli
were induced in experimental aneurysms
(24) and carotid arteries
with increased blood
flow caused by an arterio-venou s s hunt (46).
Methods
The response
by aortic
endothelium
was
observed 1n Male New Zealand White rabbits,
2. 5-3. 5 Kg body weight.
The effect of spasm was
observed in pig carotid
artery.
At least 4
animals were used in the examination of the
response
to
each
stimulus.
The animal
preparation
and perfusion
techniques have been
described
in detail elsewhere (58).
In brief,
the
aortas
or the
carotid
arteries
were
pre-perfused
with Krebs-Henzleit
(KH) solution
for 2- 4 min prior
to perfusion
fixation
at
100±10mm Hg with 2.5% glutaraldehyde
in O.lM
sodium cacodylate
for at least 5 min.
Each
vessel was removed intact.
The central segment
of the pig carotid arteries
and segments of the
aortas from the thoracic
aorta at the level of
the 3rd and 4th i ntercostal
arteries,
and of the
abdominal aorta at the level of the diaphragm,
were prepared for SEM(59).
Endothelial
stimulation
was induced by:
a)Human serum albumin (HSA) 250 mg/ kg (Culter
Labs Berkley CA); b) Bovine serum albumen (BSA)
250 mg/kg (Mile s Labs); c) E.coli endotoxin (10
mg/kg Sigma Pharm); d) PGE2 (10 mg/Kg Sigma
Pharm).
In these experiments the rabbit aortas
were examined 30 min, 3 h and 18 h after
stimulation.
e)
Hyperchole stero laemia
was
induced
by feeding
a O. 25% cholesterol
supplemented diet,
and the effect
on aortic
endothelium examined after 12 weeks on diet.
The effect
of the fo 71owing on otherwise
unstimulated
aortic endothelium was observed:
a) 5x5ml venous blood samples in 2 h, taken from
a marginal ear vein during a pharmacokinetic
evaluation;
b) acute arterial
bleed of 10-15%
circulating
blood volume; c) the oxygen tension
in the effluent
perfusate,
as eva luated
by
standard techniques.
d) arterial
spasm induced
by manipulation in normal pig carotid artery.
Observations
Normal rabbit aorta
Consistent with other descriptions
(11;19),
normal rabbit aortic endothelium visualized
by
SEM shows spindle shaped cells,
aligned with
their long axes in the direction
of the blood
fl ow over most of the 1umina 1 surface.
The ce 71
margins overlap adjacent cells forming junctional
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complexes which may be either flat or raised and
rounded .
The cell surface is generall y smooth
and the nuclear bulge visible
in the centre of
the cell
(Fig 1).
At vessel orifice s, the
orientation
of the endothelial
cells changes (Fig
2), but the down stream vessel lip is smooth and
shows no protruding cells or thrombus formation
(Fig 3).
There is minimal red blood cell
deposition,
and there is no evidence of fibrin
formation.
White blood cell accumulation on the
surface varies between 5 and 10 per square mm,
depending on the fixation parameters (58).

Figure 3.
Down stream lip of an abdominal
vessel. The endothelium i s smooth and there is no
evidence of detached cells. Bar= lOµm.
Response to Injury
.
Immunologic Challenge: Human Serum Albumin.
18 h after a s ingle injection of pyogen- free HSA
t here 11as no evidence
of endothelial
cell
denudation, but there was a 10-fold increa se in
cell s on the luminal surface of the endothelium
(Fig . 4) . Many of the se cells were WBC
, but some
may have bee n de squamating endothelial
ce ll s,
similar
to those
descr ibed in response
to
endotoxin
c hallenge .
HSA also
induced
microv illu s formation, and occasio nal evide nce of
fibr in formati on (Fig 5) .
Immunologi c Chall enge: Bovine Serum Albumin.
The response
to a sing l e injection
of BSA
observed after the same ti me interval
as after
HSA, was s imila r to the response to HSA.

Figure 1. Rabbit aortic endothelium pre - perf used
with KH for 3 min; perfu se- fixed with 2.5 %
glutaraldehyde
for 5 min.
Direction of bl ood
flow is indicted by the arrow ; bar= 2µm.

Figure 2. Endothelium at the lateral
edge of an
abdominal branch vessel,
showing the alt erat ion
in ce l l shape . Vessel fixed as above.
Bar= lOJ.Jm.

Figure 4.
Aortic endothelium 18 hours after an
injection
of HSA. There are numerou_s ad~erent
WBC,and some fibrin formation (f) . D1rect1on of
blood flow s hown by arrow; bar= lOµm.
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Cholesterol feeding.
The aortic endothelium
of rabbits
fed a di et supplemented with O. 25%
cholesterol
for 12 weeks showed changes similar
to those previously
described
(20;22).
There
were areas of well defined lesion formation,
characterised
by thin
endothelial
eel ls
stretched,
and occasionally
desquamated, over
lipid containing
subendothel ial foam cells (Fig
7). However, in the remainder of the vessel wall
where massive foam cell accumulation had not
occurred,
the
endothelial
surface
showed an
increase
in thrombogenicity,
some microvillus
formation and WBCaccumulation.
In these areas ,
in
contrast
to
the
areas
of foam eel l
accumulation,
there was no alteration
in cell
orientation
(Fig 8).

Figure 5.
Microvillus
(m) formation in a focal
area opposite a vessel orifice,
18 h after HSA
injection.
A WBCis presen t . Direction of blood
flow shown by arrow; bar = lOµm.
Endotoxin.
The most marked change 18 hours
following a single injection of endotoxin was an
increased
red blood cell
adhesion,
which is
likely
due
to
fibrin
deposition
on the
endothelial
surface.
There was al so an increase
in WBCadhesion and some microvillus formation .
Prostagl andi n E2___l_2_fil;_2L PGE2 i s a
hypotensive agent, produced by the renal medulla,
which may be involved in renin mediated control
of blood pre ssure (32).
PGE2 has been implicated
in atherogenes is (1) and shown to increa se rat
aortic
permeability
(71) .
It is sec reted by
endothelial
cells and affects leukocyte function
(49).
Following a single intravenous injection
of PGE2 into rabbits th ere was marke_dflu s_hing of
the skin .
Three hour s after an rnJect1on the
aort ic endothelium s howed a two-fold increa se in
WBC adhesion,
microvillus
formation
and some
fibrin formation (Fig 6).
There was al so some
protruding cells at other vessel lips.

Figure 7.
Area of foam cell accumulation in
aorta of chole stero l-fed rabbit.
The endothelium
has ruptured , and a WBCis in close contact with
the subendothelium.
Bar = 2µm.

Figure
8.
Aortic
endot he l ium from
a
cholesterol -fed rabbit remote from the area of
foam cell accumulation, showing fibrin deposition
and some microvillus
formation.
Direction of
blood flow shown by arrow; bar= lOµm.

Figure 6.
Down stream lip of abdominal vessel
s howing fibrin formation following PGE2. There
is some collapse of the vessel lip.
Bar= lOµm.
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Blood lo ss and spasm. Blood loss and spasm
were observed to affect
the appearance of
otherwise unstimulated endothelium. 5 and 30 min
after an acute arterial
bleed of 10-15% of the
circulating
blood volume, there were protruding
endothelial cells at vessel orifices,
cell to
cell bridge formation (Fig 9) and marked intimal
folding.
These changes may be induced by a
decrease in aortic pressure depending on the
blood loss (6).
Venous blood sampling, such as
may be employed in, e.g.,
pharmacokinetic
evaluations also has the potential to induce
alterations in aortic endothelium. Following the
removal of 5 x 5ml venous blood sample s during 2
h, th ere was increased
WBC adhesion and
sub-endothe lial swelling which may be due to WBC
infiltration
(Fig 10).
Spasm The effect of arterial
and venous
spasm has been demonstrated in SEM (29) and in
TEM(37). Spasm causes endothe 1i a1 ce 11 to ce 11
adhesions to form. These remain after relaxation
or distension,
form apparent
intercellular
bridges, and can result
in endothelial
cell
desquamation ( 66). Endothe1i a1 injury caused by
spasm is illustrated
in Fig 11.

Figure 11. Effect of spasm in normal pig carotid
artery . The vessel was perfuse-fixed at 100 mm
Hg. By SEMthere are protruding nuclei (n) and
cytoplasmic bridges (b). Bar= 2µm.

Figure 12.
At the time of fixation the p02 was
35mmHg. There is some evidence of membrane bleb
(h) and hole formation, but no large craters.
Direction of blood flow shown by arrow; bar=lOµm.

Figure 9. Distal vessel lip after acute 35ml
arterial bleed prior to fixation. Bar= 10 1Jm.

Figure 10. Rabbit aortic endothelium after 5x5ml
venous blood samples during a 2 hour period. No
anticoagulant was used. Direction of flow shown
by arrow; bar =lOµm.
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Figure 13.
Crater formation following 15min
pre-perfusion with a synt hetic plasma substit ute.
The p02 did not fall below 92mmHg. Direction of
blood flow shown by arrow; bar= lOµm.
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Hypoxia.
The Oz tension in the effluent
perfusate
from the femoral artery was monitored
in 6 animals during perfusion for 5 to 15 minutes
prior t o fixation.
The pOz at the time of
fixation varied from 35 mmHg to over 200 mm Hg.
In the animals with low pOz at the time of
fixation,
(perfu sed for 5-1 0 min, the pOz at
fixation was 35-43 mmHg) the aortic endothelial
cells showed a variable degree of membrane bleb
and hole formation (Fig 12).
An animal with a
p02 over 200 mm Hg at fixation
showed no
abnormalities.
In contrast,
two animals were
perfused with perfluorocarbon
containing synthetic plasma substitute.
After 15 min perfusion,
the pOz was 92 mmHg, and the en dothelial
surface
showed marke d crater formation and some bleb and
microvillus
formation (Fig 13).
Distribution
of endothelial
injury
The distribution
of endothelial
cell changes
following stimulation,
including WBCdepo s ition,
fibrin
formation,
and microvillus
formation,
s howed s imilaritie s in distribution,
irrespective
of the stimulus.
The site
of initial
WBC
accumulation was in the region of inflow into
vessel orifices
(Fig 14) , and at the junctions of
the down stream lip and the main vessel sur face
(Fig 15).
The vessel l ip rarely s howed WBC
accumulation,
but was the most frequent area in
which early fibrin
formation was observed (Fig
8) . The development of areas containing intimal
foam cells
following
12 weeks of cholesterol
feeding involved similar areas to those in which
the initial
accumulation of WBCwas observed, and
also the down strea m region of the distal vesse l
lip (Fig 16).
The di stri but ion of other feature s, such as
microvill i and crater formation were le ss well
defined,
and were most frequently
observed
opposite vessel orifices.

Injury

Figure 14.
WBCat inflow of a vesse l in the
aorta of an endotoxin treated rabbit . Direction
of blood flow s hown by arrow; bar= lOµm.

Discussion
The observations
reported
in the present
study,
of the
response
by rabbit
aortic
endothe lium , were made in animals prepared by a
si milar protocol.
Thus it i s possible to make a
valid
comparison
of the
response
by the
endothe lium to a variety of stimu li .
Irrespective
of the st imulu s, the observed
endothelial
changes showed cert ain s imilarities.
In no instan ce was there evidence of extensive
los s of endothelial
cells,
or platelet
adhesion
to exposed subendothe l i um.
Every experi mental
set ting,
including
certain
fixation
protocols,
showed some evidence of endothelial
alterations,
i . e. ,
WBC adhesion,
platelet
adhesion,
microvillus
formation,
crater
formation,
and
fibrin deposition.
However, some features of the
response were much more marked in association
with certain stimuli.
The inflammatory /i mmunologic stimulation
of
heterologous serum albumin, or endotoxin resulted
in fibrin formation and a marked increase in the
WBC adhesion
to
the
endothelium.
These
observations
are consistent
with the possibility
that the adhesion of WBCto endothelium and the
observed
fibrin
formation
is
induced
by
Inter l eukin-I, a mediator of the inflammatory and
immune reactions produced by stimulated

Figure 15.
WBC(wbc) at the lateral
margin of
the intercostal
artery
distal
lip following
endotoxin.
Adherent red blood cells,
possibly
associated with fibrin . Bar= 50 µm.

Figure 16.
Distribution
of lesions around the
intercostal
orifice of a cholesterol-fed
rabbit
aorta.
Bar= 50µm.
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mononuclear cells (3).
Interleukin-I
in vitro
wi11 al so induce a procoagul ant activity
in
endothelial cells (70).
In contrast, the response to hypovolaemia or
hypotens ion induced by blood loss, or to a more
extreme extent by spasm, resulted
in limited
increase
in WBC accumulation,
but a marked
collapse
of the vessel lips,
with protruding
endothelial
ce 11s, endothelial
bridge formation
and lifting of endothelial cells.
The response
to
PGE2 represents
a
combination of both types of reaction.
It is
known to be hypotensive (32), and the reaction of
the rabbits was consistent with this possibility.
It has al so been shown to increase permeability
( 71).
The observed changes included
some
evidence of vessel coll apse as shown by cells
protruding from vessel orifices,
but there was an
increase
in WBC adhesion
and some fibrin
formation consistent
with a mild inflammatory
type of response, indicated by the increase in
permeability.
The arterial
endothelial changes seen after
12 weeks of cholesterol-supplemented
diet, were
consistent
with other descriptions
in areas of
foam cell
accumulation.
However, in the
remainder of the vessel, the alterations
in the
endothelial
ce 11s were similar to those of the
"inflammatory" response, in that there was fibr i n
formation, some WBCadhesion , but little
evidence
of vessel collapse.
Significance

of endothelial

Figure 18.
An area of exposed subendothel ium,
following HSA. Bar= 2 µm.

alterations

WBCaccumulation
WBCwere observed on the surface of every
rabbit aorta examined ( 58), and the interaction
of neutrophils (27) and mononuclear cells (20;38)
with
the
normal
arterial
wall
has been
recognised.
However, an increased interaction of
WBC with the vessel wall is associated
with
pa tho l ogi cal changes.
Neutroph i l adhere nce is
associated with inflammation (27) and mononuclear
cells with atherosclerosis
(15 ; 20;63) . By SEMit
is not always possible to identify the nature of

Figure 19. TEMof endothelial
cell vacuolation
after plasma substitute perfusion.
Bar= 2 µm.

Figure 17.
A WBCpossibly penetrating
between
endothelial cells after HSA. Bar= 2 µm
Figure 20. TEMof a subendothelial cyst formed
during the venous blood sampling . Bar= 2 µm.
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cells adherent to the l umina l surface,
but WBC
have been observed apparently penetrating between
endothelial
cells (Fig 17) , and cells which may
be rounded endothelial
ce 11s can be recogn i sect
adjacent to small areas of exposed subendothelium
(Fig 18).
It is interesting
to note the absence
of platelets
in this situation.
This may be
consequent on factors release by endothelium
which inhibit platelet
adhesion (5)
Microvillus Formation
The formation of microvilli
is associated
with activated
endothelium
in a variety
of
situations.
Areas of induced high flow stress
(46;24); and normally occurring high flow such as
rabbit aortic
arch (24).
Microvill i have al so
been described in more pathologic situations
such
as hypertensive rat arterie s (46) ; umbilical cord
of smoking mother s ( 8) and in microvascul ature
exposed to reperfusion
after ischaemia (26).
In the experimental
observations
reported
here, microvillus
formation was not predictable
in i ts distribution
which may be very focal
involving
only one or two endothelial
cells.
Microvillus
formation was very susceptible
to
fixation
artefact
and appeared to be labile
in
that
microvilli
were inhibited
by prolonged
perfusion with electrolyte
solution . The sequel
to microvillus
formation has not bee n described .
Crater Formation
The formation of craters
or holes in the
endothelium
has been previously
described
in
respons~ to hypoxia or ischaemia in rats (13) and
dogs (50;17) . As well as crater formation, the
endothelial
cells also showed protruding nuclei
and other signs of degeneration . In the pre sent
studies
two distinct
types of crater s were
observed . Small membrane bl ebs and craters were
seen in some rabbits s hown to have a low p02 at
the time of fixation
(Fig 12), but similar
changes were al so present in other aortas which
had not been exposed to hypoxia .
Similar
membrane blisters
have been described in SEM as
fixation artefact
(68) . The other type of crater
observed in endothelial
cells was associated with
the endothelial
response to a range of st imuli ,
but not to hypoxia.
In the illustration
presented,
the endothelium was protected
from
abnormal 02 levels by the use of a synthetic
plasma substitute,
and the crater formation was
probably due to a non- specifi c to xicity of this
product.
Crater formation may be the result of a
variety of changes within the vessel wall, and
the presentation
in SEM as a "crater" may be in
part
artefact
induced
by collapse
during
processing.
The phenomenon may be due to
vacuolation of the endothelial
cells (Fig 19), or
to bulging of subendothel ial cysts (Fig 20). The
nature of this change can only be determined by
TEM.
Bylock et al (7) related hyperoxia to a
defect in membrane function,
but in the present
study, there was no obvious injury induced by an
arterial
p02 of over 200 mm Hg at the ti me of
fixation.
Distribution
of Injury
The distribution
of altered
endothelial
cells or adherent WBCduring the first 24 h after
injury,
is
likely
related
to haemodynamic
factors,
including flow patterns and stagnation
points (39;77) .
The development of lesions in

Injury

the cha l estero 1-fed rabbits
showed considerable
correlation
with the initial
distribution
of
injury, especially
at the lateral margins, and in
the inflow region of branch vessels and this is
consistent
with
observations
relating
atherosclerosis
to haemodynamic stress
(18;47) .
The progression
of lesions at the distal lip of
branch vessels
is not correlated
with WBC
deposition
in the early
stages,
and we have
previously shown that following balloon catheter
deendothelialization,
this
region
does not
accumulate platelets
at early time intervals
(60) .
However, this is a site of early fibrin
formation,
but
although
fibrin - mediated
endothelial
injury has been described ( 62) , the
importance of such a thrombotic
response
in
lesion formation is not fully clarified.
Conclusion
This review has described the response by
arterial
endothelium, as visualised
by SEM, to a
range of stimuli.
There appears to be a spectrum
of features
which are indu ced in stimulated
endothelium, whatever the cause.
In a si milar
study in which the endothelial
response was
evaluated by TEM, Hoff and Gottlob in 1967 (31),
reported
that rabbit
aortic
endothelial
cells
reacted to all types of noxious stimuli in an
identical manner .
However, the observations
re port ed here
suggest that,
in response to any particular
stimu lu s one feature is predominant . This study
al so reveals that endothelial
ce ll s will respond
in a variety
of ways which are indicative
of
injury, and that exte ns ive endothe lial cell lo ss
i s not indu ced.
The consequences
of the
alterations
indu ced in the st i mul ated endothelial
ce ll s remain to be elucidated.
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